Introduction {#s0001}
============

Pancreatic cancer is a fatal disease with high mortality and poor prognosis. As no detection is effective and no symptoms or signs are recognizable in the early stage of this complex disease, patients are diagnosed late in their disease, often after their cancer has metastasized to other organs.[@cit0001] In the United States, pancreatic cancer is the fourth leading cause of cancer-related deaths in 2017,[@cit0002] and the estimated numbers of new cancer cases and deaths have gradually increased in the past 5 years. In China, the incidence and mortality of pancreatic cancer have risen slightly since 2006 and may increase faster in the next few years.[@cit0003] Radiotherapy is an effective cancer treatment that also plays an important role in preventing recurrence and improving the resectability of pancreatic tumors. To improve patient outcome, radiotherapy can be used as a single modality or in combination with other treatments.[@cit0004],[@cit0005] Even though radiotherapy technology is continually evolving, enhancing the radiosensitivity of irradiated tumors with drug-radiotherapy combination offers an alternative strategy, and it is therefore advisable to screen and define more novel drugs in combination with radiotherapy for better clinical outcomes.[@cit0005]

Peroxisome proliferator-activated receptors (PPARs) are nuclear transcription factors and belong to the nuclear hormone receptor super family. Three PPAR subtypes have been identified, PPARα, PPARβ, and PPARγ. The three PPAR subtypes share a high degree of sequence homology but differ in physiological and pharmacological functions due to their ligands specificity and distinct tissue distribution.[@cit0006],[@cit0007] PPARγ may have a primary role in anti-inflammatory processes, adipocyte differentiation, and glucose metabolism. However, more and more studies have shown that PPARγ is expressed in a variety of tumor cells, and the activation of PPARγ may be involved in antineoplastic processes.[@cit0008],[@cit0009] Rosiglitazone is a representative PPARγ agonist used as a common anti-diabetic drug, and it has also been suggested to be responsible for other biological effects, including bone formation and resorption, neuroprotection, and anti-inflammation by activating PPARγ.[@cit0009]--[@cit0012] Recently, studies have indicated that rosiglitazone may play an inhibitory role in various types of cancer cells, such as breast cancer,[@cit0013] hepatocarcinoma,[@cit0014] lung carcinoma[@cit0015] and neuroblastoma.[@cit0016] However, there is no report of the effect and underlying mechanisms of rosiglitazone on the radiosensitivity of pancreatic cancer cells.

This study aimed to examine the effect of the PPARγ agonist rosiglitazone on irradiated pancreatic cancer cells, with an emphasis on radiosensitivity.

Materials and Methods {#s0002}
=====================

Tissue Samples and Immunohistochemistry {#s0002-s2001}
---------------------------------------

Eighteen samples of paired pancreatic cancer and para-carcinoma tissues without radiation therapy were obtained at the Fujian Medical University Union Hospital between 2010 and 2012 and had been kept in the hospital. The use of the human tissue samples has been reported in our previous paper.[@cit0017] The samples provider was also affiliated to Fujian Medical University Union Hospital. Therefore, a waiver of informed consent was approved by the Ethics Committee of Fujian Medical University Union Hospital (Fuzhou, China) when these residual tissue samples were applied for the secondary use in our study. The data analysis was anonymized to protect the privacy and confidentiality of participants. All the samples were prepared into paraffin section for PPARγ expression examination using immunohistochemistry. Paraffin sections were deparaffinized routinely, and treated with 3% H~2~O~2~ at 37°C after the slides were washed 3 times with PBS. Then, heat-mediated antigen retrieval in citrate buffer was performed. Following incubation with the rabbit antibody against PPARγ (Abcam, Cambridge, UK) at 4°C overnight, paraffin sections were incubated with goat anti-rabbit biotinylated secondary antibody (Beyotime, Nantong, China), detected, stained, dehydrated and mounted. Five microscopic vision fields were counted and scored according to the degree of staining and the percentage of stained cells in each section.

Cell Culture and Irradiation {#s0002-s2002}
----------------------------

The human pancreatic cancer cell lines PANC1 and PaTu8988 were confirmed by STR as described as before,[@cit0017] and maintained in dulbecco's modified eagle medium (DMEM, HyClone, Logan, UT, USA) supplemented with 10% fetal bovineserum (FBS, HyClone, Logan, UT, USA) and antibiotics (100 U/mL penicillin and 100 µg/mL streptomycin) in a 37°C incubator with 5% CO~2~. Cells were treated with or without rosiglitazone (Sigma, St Louis, MO, USA), which was dissolved in DMSO (dimethylsulfoxide, Sigma, St Louis, MO, USA) and 48 h later, exposure in ionizing radiation to cells was performed by an X-ray linear accelerator (RadSource, Suwanee, GA, USA) at a fixed dose rate of 1.15 Gy/min. The use of the cell lines was approved by the Ethics Committee of Soochow University.

Cell Viability Assay {#s0002-s2003}
--------------------

Cells were seeded in 96-well plates at 2 × 10^3^ cells/well and exposed to rosiglitazone for 48 h before irradiation. 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) was used to measure the viability of treated cells. Briefly, 10 µL MTT solution (5 mg/mL) was added to the cells that were treated with rosiglitazone or irradiation and the cells were maintained for 4 hrs at 37°C. After the medium was replaced by 100 µL of DMSO, the absorbance at 492 nm was measured with a spectrophotometric plate reader (Biotek, Winooski, VT, USA), and cell viability rate was calculated with the following formula: cell viability rate = (OD in experimental group/OD in control group) × 100%.

Scratch-Wound Assay {#s0002-s2004}
-------------------

Cells were plated onto 6-well plates to create a conﬂuent monolayer. After incubation for 24 hrs at 37°C, the cells were divided into 4 groups: control group with DMSO treatment, rosiglitazone group, irradiation group, and rosiglitazone plus irradiation group. The cell monolayer was scraped in a straight line with a p200 pipet tip to create a scratch after treatment, and images of the scratch were acquired with a microscope (Olympus, Tokyo, Japan) immediately. Then, the cells were cultured in DMEM with 2% FBS for 24 hrs following three times washing with PBS, and the distance between one side of scratch and the other was observed and captured again.

Transwell Invasion Assay {#s0002-s2005}
------------------------

Polycarbonate transwell membrane filters (pore size 8 μm, Corning Costar, NY, USA) were coated with 50 μL matrigel on the upper surface and incubated for 5 hrs at 37°C. Cells were divided into 4 groups and treated with rosiglitazone or irradiation as previously mentioned. After 24 hrs of the irradiation, the upper chamber was loaded with 1 × 10^5^ cells in 100 µL serum-free DMEM with 0.2% BSA, and the lower part of chamber was supplied with 600 µL DMEM containing 10% FBS. Following 24 hrs incubation at 37°C, the non-invading cells were removed with a cotton swab, while the migrated cells on the other side of the membrane were fixed with methanal, stained with crystal violet, and counted in 10 random selected fields under the microscope.

Clonogenic Assay {#s0002-s2006}
----------------

Cells were seeded onto 6-well plates with different densities (200--1000) depending on the dose of irradiation. After 24 hrs treatment with or without rosiglitazone, cells were irradiated with 0, 2, 4, 6 or 8 Gy X-ray irradiation. At the end of irradiation, the medium was refreshed immediately and cells were kept in culture for 10 days. Following twice washing with PBS, the cells were fixed with methanol for 15 min and stained in Giemsa for 30 min. The colonies containing 50 cells or more were counted. The surviving fraction (SF) was calculated as: Number of colonies/(cells inoculated × plating efficiency). According to the multi-target, single-hit model, the survival curve was plotted and the radiation sensitivity enhancement ratio (SER) was measured.[@cit0018]

Xenograft Models {#s0002-s2007}
----------------

Male out-bred BALB/c nude mice of 4-weeks old (Shanghai SLAC Laboratory Animal, shanghai, China) were maintained in specific pathogen-free conditions. Mice were injected subcutaneously with PANC1 cells (1×10^6^ cells in PBS/per mouse) into the hind limb. When tumors grew to approximately 150 mm^3^(9 days after injection), mice were randomly divided into four groups (n=5): DMSO group, rosiglitazone group, irradiation group and irradiation plus rosiglitazone group. Mice were irradiated at 2Gy/min, resulting in a total dose of 10 Gy of X-ray with an X-ray linear accelerator (Clinac 2100 EX, Varian Medical Systems, Palo Alto, CA, USA). Mice in the third and fourth groups were injected intraperitoneally with rosiglitazone (40 µM) for 4 consecutive days. All mice were killed 21 days after the first inoculation, and tumor size was measured with a caliper. Tumor volumes in mm^3^ were calculated by the formula: tumor volume = (length (L) × (width (W)^2^) × 0.52.[@cit0018] The animal studies were in accordance with the Guide for the Care and Use of Laboratory Animals,[@cit0019] and approved by the Animal Experimentation Ethics Committee of Soochow University.

Microarray {#s0002-s2008}
----------

PANC1 cells were treated with DMSO (as control) or rosiglitazone for 48 hrs prior to 4 Gy irradiation, and subsequently, the medium was refreshed. 24hrs later total RNA was extracted with Trizol reagent (Invitrogen, Carlsbad, CA, USA). Microarray-based mRNA expression profiling was carried out with the Roche-NimbleGen (135 K array) Array (Roche, WI) as described in the previous study.[@cit0020] Genes with \> 2 fold-change were subjected to Gene Ontology (GO) analysis and classified into three categories: biological process, cellular component and molecular function.

Statistical Analysis {#s0002-s2009}
--------------------

Statistical analysis was conducted with SPSS software (Release 19.0, SPSS Inc.). Data were presented as the mean ± SEM of at least three individual experiments. Student's *t*-test was used to compare the difference between the two groups. One-way analysis of variance (ANOVA) was applied when more than two groups were compared. Differences were considered significant at *P*\< 0.05 and highly significant at *P*\< 0.01.

Results {#s0003}
=======

PPARγ Expression Was Enhanced in Pancreatic Cancer Tissues {#s0003-s2001}
----------------------------------------------------------

We detected the PPARγ expression in 18 pairs of paraffin sections of pancreatic cancer and para-carcinoma tissues with immunohistochemistry assays. Compared to the para-carcinoma tissues, cancer tissues were stained much darker, suggesting higher expression of PPARγ in cancer tissues ([Figure 1A](#f0001){ref-type="fig"} and [B](#f0001){ref-type="fig"}). Moreover, we found that the expression of PPARγ, a nuclear hormone receptor, was especially concentrated in the cytoplasm. The sections were scored, and the scores of cancer tissues were significantly higher than the normal ones, as shown in [Figure 1C](#f0001){ref-type="fig"} (*P*\< 0.01).Figure 1Expression of PPARγ in pancreatic cancer tissues and para-carcinoma tissues. Surgically resected human pancreatic adenocarcinomas were obtained, and the expression of PPARγ in (**A**) pancreatic cancer tissues and (**B**) para-carcinoma tissues was examined by immunohistochemistry. (**C**) Scoring for PPARγ expression in each section according to the degree of staining and the percentage of stained cells (n=18, \**P* \< 0.01).

Rosiglitazone Inhibited the Growth of Pancreatic Cancer Cells {#s0003-s2002}
-------------------------------------------------------------

Since PPARγ was highly expressed in pancreatic cancer cells, its agonist rosiglitazone was used to activate PPARγ to modulate cell radiosensitivity. PANC1 and PaTu8988 cells were incubated with different concentrations of rosiglitazone for 48 hrs, and the MTT assay revealed the viability of the cells was inhibited in a dose-dependent manner ([[Supplementary Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=242557.docx)]{.ul}). For measuring the effect of rosiglitazone in combination with radiation on pancreatic cancer cell viability, the dose of 40 µM rosiglitazone, which resulted in a viability around 80%, was used in the pretreatment before the exposure to ionizing radiation, and the MTT assay was performed again to assess the viability of pancreatic cancer cell. As shown in [Figure 2A](#f0002){ref-type="fig"} and [B](#f0002){ref-type="fig"}, 40 rosiglitazone plus 4 Gy irradiation inhibited cell viability significantly compared with rosiglitazone or radiation alone, demonstrating the enhancement of antigrowth effects by rosiglitazone. Considering the cytotoxicity and radiosensitization of rosiglitazone, 40 µM rosiglitazone was chosen for further experiments.Figure 2Rosiglitazone inhibited the viability of pancreatic cancer cells. (**A**) PANC1 and (**B**) PaTu8988 cells were treated with DMSO or 40 µM rosiglitazone in combination with 0 or 4 Gy irradiation for 48 hrs; 40µM rosiglitazone plus 4 Gy irradiation inhibited cell viability significantly compared with either rosiglitazone or radiation treatment alone. Data are presented as the mean ± SEM for triplicate experiments. Statistical analysis between the groups was determined by ANOVA; \**P* \< 0.05, \*\**P* \< 0.01.

Rosiglitazone Suppressed the Migration and Invasion of Irradiated Pancreatic Cancer Cells {#s0003-s2003}
-----------------------------------------------------------------------------------------

To investigate whether rosiglitazone could affect the radiation-induced anti-migration and anti-invasion effects in PANC1 and PaTu8988 cells, scratch-wound assays and transwell invasion assays were performed. Compared with the control group (DMSO-treated group), the scratches in the rosiglitazone group and the radiation group were modestly wider, suggesting that migration ability was not suppressed severely by rosiglitazone alone or radiation alone. However, the migration distance in the rosiglitazone plus radiation group was shorter than that in the rosiglitazone group or radiation group, which means rosiglitazone increased the anti-migration effect induced by radiation in pancreatic cancer cells in some ways ([Figure 3A](#f0003){ref-type="fig"} and [B](#f0003){ref-type="fig"}). The roles of rosiglitazone and radiation on invasion are shown in [Figure 3C](#f0003){ref-type="fig"}--[F](#f0003){ref-type="fig"}. Compared with the rosiglitazone group or radiation group, the number of cells that migrated through the Matrigel-coated membrane in the rosiglitazone plus radiation group was decreased significantly (*P* \< 0.05) or marked significantly (*P* \< 0.01). The results indicated that rosiglitazone suppressed the radiation-impaired anti-invasion ability of PANC1 and PaTu8988 cells.Figure 3Rosiglitazone plus radiation suppressed the migration and invasion of pancreatic cancer cells. Rosiglitazone and radiation suppressed the migration and invasion of pancreatic cancer cells. Scratch-wound assay was performed, and wound healing was observed with a microscope 24 hrs later. (**A** and **B**), representative images in PANC1 and PaTu8988 cells, respectively. Transwell migration assays for (**C, E**) PANC1 and (**D, F**) PaTu8988 cells were performed in Matrigel invasion chambers, and cells were allowed to migrate through the Matrigel. Migrated cells were stained by crystal violet and counted to plot. The data are shown as the mean ± SEM for three independent experiments (\**P* \< 0.05, \*\**P* \< 0.01).

Rosiglitazone Enhanced the Radiosensitivity of Pancreatic Cancer Cells {#s0003-s2004}
----------------------------------------------------------------------

The effect of rosiglitazone on the radiosensitivity of pancreatic cancer cells was detected by clonogenic assay. According to the single-hit multimarket model,[@cit0021] the survival curves of cells and main parameters were obtained ([Figure 4A](#f0004){ref-type="fig"} and [B](#f0004){ref-type="fig"}). The survival fraction of PANC1 cells was downregulated by increasing radiation, especially in the rosiglitazone group (*P*\< 0.01). The difference between the rosiglitazone group and the DMSO group was significant (*P*\< 0.01). The mean lethal dose (D~0~) of DMSO and rosiglitazone in PANC1 cells were 2.15 Gy and 1.44 Gy, respectively, and the quasi-threshold doses (D~q~) were 2.67 Gy and 1.68 Gy, respectively. The sensitizing enhancement ratio (SER) of PANC1 cell was 1.49 ([Figure 4A](#f0004){ref-type="fig"}). In PaTu8988 cells, similar results were observed. Radiation has been shown to cause a dose-dependent decrease in survival fraction (*P*\< 0.01), and the decrease in the rosiglitazone group was more severe than that in the DMSO group (*P*\< 0.01). In the DMSO and rosiglitazone groups of PaTu8988 cells, the values of D~0~ were 1.50 Gy and 1.12 Gy, respectively, and the values of D~q~ were 1.25 Gy and 1.18 Gy, respectively. The sensitizing enhancement ratio (SER) of PaTu8988 cells was 1.34 ([Figure 4B](#f0004){ref-type="fig"}). These results suggested rosiglitazone sensitized pancreatic cancer cells to radiation.Figure 4Rosiglitazone enhanced the radiation sensitivity of pancreatic cancer cells. (**A** and **B**) Clonogenic cell survival curves and main parameters were generated for PANC1 and PaTu8988 cells, respectively. Cells were treated with 40 µM rosiglitazone or DMSO prior to 2, 4, 6 or 8 Gy radiation exposure. The survival fractions were normalized to the unirradiated control group. The radiation sensitivity enhancement ratio (SER) was measured according to the multi-target, single-hit model. D~0~, D~q~ and the calculated SER values of the control and rosiglitazone groups are shown.

Rosiglitazone Enhanced the Radiosensitivity of PANC1 Cell via Complex Mechanisms {#s0003-s2005}
--------------------------------------------------------------------------------

To explore the mechanisms for rosiglitazone-mediated radiosensitization, microarray analysis of radiation alone and radiation plus rosiglitazone was performed. As shown in [Figure 5A](#f0005){ref-type="fig"}, thousands of genes displayed differential expression (2.0-fold or greater between the two groups). The top 30 genes in expression change were listed and mapped ([Table 1](#t0001){ref-type="table"} and [Figure 5B](#f0005){ref-type="fig"}). The most upregulated genes in the radiation plus rosiglitazone group included *FABP4, DHRS9*, and *SLAMF7*, while the most downregulated genes included *SLC39A7, PSG5*, and *TRPV1*. Gene Ontology (GO) analysis for modulated genes demonstrated that rosiglitazone affected molecular function, biological processes, and cellular components in many aspects ([Figure 5C](#f0005){ref-type="fig"}-[H](#f0005){ref-type="fig"}). In terms of molecular function, upregulated genes were involved in binding, nucleic acid binding transcription factor activity, catalytic activity and so on, while downregulated genes were mainly related to transporter activity, structural molecule activity, binding, etc. Upregulated genes were implicated in many biological processes, including the metabolic process, responses to stimuli, and cellular processes (eg, intercellular communication), whereas downregulated genes were most related to localization, biological regulation, cellular process, such as intracellular communication or cell cycle regulation, and so forth. For cellular component, most affected genes were located in the cell part. However, the genes increased participated in the component parts of the membrane and extracellular matrix, and the location of genes decreased were mostly the membrane and organelles. Overall, the results above indicated that complex mechanisms were involved in the rosiglitazone-modulated radiosensitization of pancreatic cancer cells.Table 1Micorarray Analysis of Gene Expression Changes Between Radiation and Rosiglitazone Plus Radiation in PANC1 Cells (Top 30)NoGene NameAbsolute Fold ChangeRegulationChromosome1*FABP4*1238.875up8q21.13b2*DHRS9*33.92408up2q31.1a3*SLAMF7*33.60757up1q23.3a4*EPHB6*31.02796up7q34f5*IL1RL1*30.87921up2q12.1a6*RSPH10B*30.08692up7p22.1b7*ACSL5*29.7414up10q25.2b8*BAI1*29.25564up8q24.3e9*OAS1*28.95306up12q24.13b10*SOX5*24.79025up12p12.1c-p12.1b11*KAAG1*24.04445up6p22.2b12*GNAZ*23.77399up22q11.22b13*KCNJ12*22.67055up17p11.2b14*C14ORF121*22.07305up14q11.2g-q12a15*MEOX2*21.96426up7p21.1c16*ALK*21.75117up2p23.2a-p23.1b17*SSX4*21.46959upXp11.23d18*UBE2W*20.53855up8q21.11a19*LRAT*19.92374up4q32.1a20*FGD2*19.86212up6p21.2c21*LILRB2*19.81254up19q13.42a22*ONECUT2*19.63495up18q21.31b23*MIR630*19.60857up15q24.1a24*PTP4A3*19.39411up8q24.3d25*MAOA*19.20609upXp11.3c26*HIP1R*19.00364up12q24.31d27*CNTNAP3*18.64764up9p13.1b-p13.1a28*FGF12*18.63162up3q28e-q29a29*RARA*18.603up17q21.2a30*C7ORF61*18.52849up7q22.1c**NoGene NameAbsolute Fold ChangeRegulationChromosome**1*SLC39A7*35.83564down6p21.32a2*PSG5*34.81931down19q13.31a3*TRPV1*34.2276down17p13.3a4*BBS9*28.6403down7p14.3b5*MIR128-2*28.08652down3p22.3a6*CAPRIN1*27.3175down11p13c7*KANK4*24.80257down1p31.3d8*SCARNA22*24.20993down4p16.3b9*MIR33B*23.32974down17p11.2g10*FAM179A*23.12535down2p23.2a11*SOX15*22.99926down17p13.1d12*KCNN2*22.47768down5q22.3a13*CES8*22.45556down16q22.1a14*CD302*22.21658down2q24.2a15*DNAH3*21.59874down16p12.2c-p12.2b16*FER1L5*21.43832down2q11.2a17*FBXL18*21.00223down7p22.1c18*CRCT1*20.97924down1q21.3b19*FAM53B*20.94869down10q26.13d20*DTNA*20.88418down18q12.1g21*PAX7*20.39117down1p36.13c-p36.13b22*C16ORF54*20.24515down16p11.2d23*MS4A15*20.21343down11q12.2a24*LYZL1*20.12367down10p11.23b25*DDI2*19.90728down1p36.21a26*GJB5*19.1217down1p34.3f27*TTTY6B*19.07452downYq11.223b28*VWA1*19.05793down1p36.33a29*FAM69B*19.05065down9q34.3e30*C1ORF204*18.99542down1q23.2 Figure 5Differentially expressed genes involved in rosiglitazone-mediated radiosensitization in PANC1 cells. PANC1 cells were treated with DMSO (as control) or rosiglitazone prior to 4 Gy irradiation. (**A**) Heatmap of gene expression in PANC1 cells between control group and rosiglitazone-treated group. (**B**) Heatmap of gene expression (top 30) in PANC1 cells. The left half shows the downregulated mRNA, and right half shows the upregulated mRNA. (**C, E** and **G**) Gene Ontology (GO) annotation for upregulated genes based on molecular function, biological process and cellular component, respectively. (**D, F** and **H**) GO annotation for downregulated genes based on molecular function, biological process and cellular component, respectively.

Irradiation Combined with Rosiglitazone Inhibited the Growth of PANC1 Xenografts {#s0003-s2006}
--------------------------------------------------------------------------------

To investigate the effect of rosiglitazone on the xenograft growth of PANC1 cells in nude mice, tumor growth delay assays were performed. As shown in [Figure 6A](#f0006){ref-type="fig"} and [B](#f0006){ref-type="fig"}, compared with the control group (DMSO group), the tumor volume of mice treated with radiation alone was reduced by 76.6%, and the tumor volume of mice treated with radiation plus rosiglitazone was reduced by 40.7%. These results indicated that rosiglitazone can enhance the radiosensitivity of pancreatic cancer in vivo.Figure 6Rosiglitazone enhanced the radiation sensitivity of PANC1 xenografts. Each group of mice was composed of five male nude mice. PANC1 cells were inoculated under the skin of nude mice. (**A**) Representative xenografts from each group. (**B**) Tumor size was measured on the 21st day after the first inoculation. Data are presented as the mean ± SEM. \* *P* \< 0.05, compared with radiation alone group.

Discussion {#s0004}
==========

Radiation therapy is widely used for the management of various types of cancer, including pancreatic cancer.[@cit0004],[@cit0022] Double-strand DNA breaks are considered as the major cause responsible for ionizing radiation-induced cancer cell death.[@cit0023] Improving the radiosensitivity by drug-radiotherapy combinations is a pragmatic strategy for cancer management.[@cit0005] PPARγ is expressed in many types of tumor cells, including colonic tumors,[@cit0024] lung tumors,[@cit0025] thyroid carcinoma,[@cit0026] etc., and it has been shown to have antineoplastic effects. Rosiglitazone, an agonist of PPARγ, could suppress tumor development by activating PPARγ.[@cit0008] However, little is known about the radiosensitization effect of rosiglitazone on pancreatic cancer cells. To investigate the question, surgically resected human pancreatic adenocarcinomas, human pancreatic carcinoma cell lines, and nude mice xenograft tumor models were used in the present study.

First, we examined the expression of PPARγ in resected pancreatic cancer. Previous research showed that a majority of pancreatic adenocarcinoma cells express PPARγ.[@cit0027] In the present study, we also observed the expression of PPARγ in pancreatic cancer tissues, and furthermore demonstrated a significant increase of PPARγ expression compared to the para-carcinoma tissues. Thus, PPARγ could be considered as a diagnostic marker for pancreatic cancer. The immunohistochemistry assay showed that PPARγ was located in the cytoplasm rather than the nucleus, so targeting PPARγ nuclear translocation may be a potential strategy for treatment considering the inhibitory role PPARγ played in tumor development.

Next, assays related to radiosensitivity were performed to analyze the radiosensitizing effect of rosiglitazone, and we found that rosiglitazone at a dose of 40 µM sensitized the pancreatic cancer cells to radiation in metastatic effect, invasive ability, clonogenic assay and xenograft studies. Rosiglitazone has been reported to exert an antitumor effect in various cancer, including colon cancer,[@cit0028] prostate cancer,[@cit0029] and human lung carcinoma cells.[@cit0015] Given its ability of reducing tumor growth and metastasis in human cancer cells, studies have put emphases on the radiosensitization properties of rosiglitazone, and in accordance with our report, rosiglitazone enhances the radiosensitivity of human colorectal cancer cells[@cit0030] and cervical cancer cells.[@cit0031] This study reveals the radiosensitizing effect of rosiglitazone on pancreatic cancer cells, which expands the utilization of rosiglitazone in radiosensitization and offers a theoretical basis for its potential use in radiotherapy.

Finally, we investigated the underlying mechanism of how rosiglitazone modulated the radiosensitivity of pancreatic cancer cells to exert the antitumor and anti-metastatic effects. A variety of molecular mechanisms regarding the antitumor effect of rosiglitazone have been reported. For example, a microarray in colon cancer cells indicated β-PIX protein, which belongs to a family of cytoplasmic proteins, could be involved in the rosiglitazone-mediated inhibition of cell migration;[@cit0032] another study suggested KLF6 was altered by rosiglitazone in colon cancer cells.[@cit0033] In lung carcinoma cells, both PPARγ-dependent and PPARγ-independent signal pathways were related to the suppressive role of rosiglitazone.[@cit0015] Rosiglitazone increased PPARγ expression and its nuclear translocation in this study, which suggested the activation of PPARγ-dependent pathways. Microarray analysis further showed that rosiglitazone modulated multiple genes that function in multiple pathways in pancreatic cancer cells. FABP4, the most rosiglitazone-upregulated mRNA, belongs to the fatty acid-binding protein family and controls fatty acid uptake, transport, and metabolism.[@cit0034] It has been reported that FABP4 suppressed the proliferation and invasion of hepatocellular carcinoma cells via the phosphorylation of Stat3 through the Ras-p-Stat3 signaling pathway.[@cit0035] There is also evidence that FABP4 interacted with PPARγ, and consistent with the present report, rosiglitazone increased FABP4 mRNA expression in human prostate cancer cells.[@cit0036],[@cit0037] Among the differentially expressed genes, SLC39A7 (Zip7) was downregulated by the highest fold-change. Zip7 was reported to be involved in the release of zinc from the endoplasmic reticulum and in modulating cell signaling related to proliferation.[@cit0038] Another study suggested that intracellular zinc pools regulated by Zip7 could result in alteration of the Bcl-2/Bax ratio, hence having impact on apoptosis of cervical cancer cell.[@cit0039],[@cit0040] The results obtained in our microarray experiments suggested that differentially expressed genes-mediated many signal pathways that were related to the radiosensitization of rosiglitazone.

Conclusion {#s0005}
==========

We demonstrated that 40 µM rosiglitazone inhibited the radiation-induced migration and invasion of pancreatic cancer cells, and enhanced radiosensitivity in vitro and in vivo. PPARγ should be the principal target of rosiglitazone considering it augmented expression in the pancreatic cancer tissues, yet more complex mechanisms may be involved in the radiosensitization effects of rosiglitazone. These findings demonstrate that rosiglitazone has the potential to be a radiosensitizer in radiotherapy in pancreatic cancer.
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